Analytical geometric models for the bones of the knee region have been developed. A survey was done on real pieces to obtain the dimensions of the geometric sections used in each model. The dependence of the section dimensions on the bone length and the estimated dimensions of the bones for a 1.70 m tall person are presented. A parameter that attempts to relate the person's height to the bone length was included. Using reference data for the tissues and for bone composition, the models represent 8.7% (each knee) of a 10 kg skeleton and present the following densities: femur and tibia 1590 kg m 23 , fibula 1660 kg m 23 and patella 1720 kg m 23 .
INTRODUCTION
The in vivo monitoring of bones can be accomplished by measuring specific regions of the skeleton. Two possible locations are the legs and the skull.
Some facts reinforce the viability of the use of the legs (knee) region (1) . (1) The transuranics are deposited in the bone surface and in places of the skeleton with larger proportion of superficial area. ( 2) The bones with larger superficial area are, in decreasing order, the ends of the longest bones of the legs, the vertebrae and the skull. (3) Both knees contain about 22% of the skeletal mass, and 70% of the surface area of the bones can be accessed if the monitoring is performed for the knee region.
Other reasons that make the skull an alternative area (2) are: (1) there are no evidences that the organs closer to the head show significant concentrations of the considered radionuclides; (2) compared with other locations, the skull generally shows less anatomical variability; (3) the skull contains a significant fraction of the skeleton, between 14 and 15% of the mineralised total skeletal bone mass; (4) the skull is the area with smallest amount of superposed tissue and (5) data exist, compiled on metabolic parameters of the skull, which can be used to project the results obtained from the skull monitoring to the remainder of the body (3) . Contamination of the skin on the head can affect the accuracy of head measurements to estimate skeleton activity. Radionuclides concentrate on the hair also. Therefore, our first option is the monitoring of the legs. The knee region bones are usually monitored with a set of detectors. At our institution, they are monitored with two HPGe detectors positioned on each leg. The optimisation of the measurements requires the estimation of the uncertainties due to the natural variations of the organs dimensions.
In this paper, analytical geometric models for the bones of the knee region are presented. A survey was performed on real human bones in order to obtain the dimensions of the geometric sections used in each model. The dependence of the section dimensions on the bone length and the estimated dimensions of the bones for a 1.70 m tall person are presented.
MATERIALS AND METHODS
The pieces were available at two university anatomy laboratories: Instituto de Ciências Biomédicas (ICB/ USP) and Universidade Santa Cecília (UNISANTA), both in São Paulo State, Brazil. Such pieces are part of the collection of these universities and are used in graduate and master degree courses.
After defining the models and their parameters, training was given to make the bone measurements, which consisted in the repeated measurement of a set of bones by a four-person group, till all of them obtained the same value for each measured dimension and for each bone; only one of the trained persons measured accurately. The tools used were a caliper rule, ruler and molds. After the training, the pieces in good condition, without apparent deformations and avoiding samples from those with illnesses that could cause bone deformations, selected with the aid of medical professionals, were measured.
The tibia is medial (towards the middle) and anterior (towards the front) to the fibula. The tibia articulates with the femur and patella superiorly, with the fibula laterally and with the ankle inferiorly. The tibia and fibula were modelled from the knee region to the point just before their ellipsoidal regions, at the ankle. The femur was modelled from the knee to the beginning of the spongy region, at its upper end. The patella was entirely modelled.
The collection of bones consisted in a sample of 46 femurs, 11 patellas, 25 fibulas and 37 tibias.
These bones are not identified and there is no information about sex or age of the donors, other than that they are bones from adults.
Geometric models
The geometric models are composed of various sections represented by full or truncated ellipsoids or elliptical cylinders when required to fit the bone geometry.
In order to apply the results to the in vivo monitoring, an additional parameter, 'tangible length', corresponding to the extension of bone, which could be accessed by touch, was included. The idea was to relate the person's height to the tangible length of the bones, and from the tangible length infer the bone lengths and the dimensions of the bone sections. For the patella, the horizontal diameter was chosen as the tangible length, whereas for the femur, it was the distance between the middle of the ellipsoidal section at the knee and the middle of the ellipsoid at the femur head. For the tibia and the fibula, the tangible length corresponds to the distance between the middle of the ellipsoids at the knee and at the ankle. Table 1 shows the experimental relations between the tangible length (T ) of the bones and the height (H ) of the persons, which were obtained by measuring volunteers (10 thin persons, with heights from 1.48 to 1.78 m). Except for the patella, linear relations between the person height and the tangible length were found. The parameters' uncertainties are given in parentheses (in all tables).
The geometric model for the tibia is composed of six sections, numbered as detailed in Figure 1 . Each of sections 1 and 2 is the intersection of two equal ellipsoids, and the parameter 'ext' is the remainder diameter along the x-axis. Sections 3-6 are half elliptical cylinders. The ellipsoids are displaced in relation to the bases of the cylinders. The displacement is represented by the parameter 'dsz'. The dimensions of the sections are shown in Table 2 .
The geometric model for the fibula is composed of four sections, numbered as shown in Figure 2 . Figure 2 . Details of the fibula geometric model.
GEOMETRIC MODELS FOR THE KNEE BONES
Section 7 is an ellipsoid, truncated by the ellipsoid of the tibia at an extension defined by dsx, dsy and dsz, which are displacements of the fibula in relation to the tibia. Sections 8-10 are elliptical cylinders. The dimensions of the sections are shown in Table 3 . The geometrical model for the patella is composed of two sections (Figure 3) . To obtain the patella's geometry, inclination angles, u 11 and u 12 , of two elliptical cylinders were obtained by means of the parameters d 1 -d 4 . The common volume to the two cylinders was excluded in one of the cylinders. Next, the cylinders are cut off, below the height 't pat ', to obtain the triangular base of the patella, using a cut-off angle that allows the patella the height 'h pat '. The bottom base of patella has length 'l pat '. The data for patella are given in Table 4 .
The geometric model for the femur has five sections as shown in Figure 4 . Sections 13 and 14 are also ellipsoids that truncate the cylinders 15 and 16. The parameters b 13 , b 14 , c 13 and c 14 are used to calculate the ellipsoids inclination angles u 13 and u 14 . No inclination was observed for section 14. The data for femur are shown in Table 5 .
Using the data from Tables 2-5 , the dimensions of a person 1.70 m tall were estimated and shown in Table 6 . The models developed here describe 75, 91, 84 and 100 of the tibia, fibula, femur and patella volumes, respectively.
Bones have three types of tissue: the compact bone tissue, the spongy bone tissue and the bone marrow. The relative quantity of each tissue varies in each bone and from bone to bone. The compact bone is located in the external portion of the bone. In the long bones, there is a cylindrical cavity filled by the marrow. The marrow also fills the free spaces of the porous bone and the channels that contain blood vessels. The composition of the marrow differs from bone to bone. In the long bones, it is yellow and in the short bone it is red (4) . For adults, the composition of the marrow was considered the same as that of the adipose tissue. Compact bone thickness was measured in only three pieces. The results are shown in Table 7 . Figure 5 shows the plane projections of the theoretical reference bone models, obtained by simulation of random coordinates in the sections.
In simulation problems, it will often be interesting to simulate a defined portion of the leg; in this case, tibia and fibula length may be matched by reducing the size of section 10, using 9.9, 1.32 and 1.31 cm as its length bottom, z-half-axis and bottom y-diameter, respectively.
The volumes occupied by each type of tissue can be calculated by simulation. Using the recommended density and composition for bone tissues (5) , the masses of each type of tissue in each bone and the resulting average density of each bone were 4.1 (4) S13 dsz 1.00 (9) S4 B z-h.a.
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determined. The results are shown in Table 8 . In both knees, the models represent about 17% of a 10 kg skeletal mass. The average percent of spongy, relative to spongy plus compact bone, is 19.9%. These models can be used to estimate the effects on in vivo bone monitoring, related to bone sizes and radionuclide deposition non-uniformity, by adding tissue layers and simulating the monitoring for different bone sizes ( persons with different heights) or varying the radionuclide deposition. If the efficiency calibration of the measuring system is determined for a reference phantom, the study can be used to calculate the efficiency correction factors to be applied to the routine measurements, when persons of different heights and weights are to be measured. Such a study is under development now.
CONCLUSIONS
Geometric models for the bones of the knee region have been developed based on real pieces, with dimensions determined from a survey of available pieces and living people. An attempt was done to relate person-height to the bone length and the resulting relations are presented. The geometric sections can be varied in dimensions, using the relations between bone length and section dimensions, to represent the bones of different sizes. Although not complex, the models contain anatomical data that contribute to the knowledge about human anatomy. 
